The analysis of two high resolution hydrological datasets acquired during the 1997 and 2001 summers across the Antarctic continental shelf-break near Cape Adare (Ross Sea) is presented. The main focus of these cruises was the investigation of the overflow of the High Salinity Shelf Water (HSSW). This dense and salty water mass forms along Victoria Land and flows northward, descending the slope near Cape Adare. Water types characterizing the study area are detected through vertical salinity profiles and by the horizontal distributions of the temperature and salinity. Temperature and salinity hydrological sections obtained by means of objective analysis method well describe the water masses interactions at the shelf/slope edge. The 1997 dataset shows evidence of a strong HSSW signature on the slope, but it is difficult to quantify the spatial scales involved in the spreading mechanism, because the overflow takes place at the edge of the investigation area. The 2001 data, collected at the same position with improved spatial and temporal resolution, clearly indicates the absence of a "true" HSSW downslope process. Even though no estimation of the amount of downslope flow can be given at present due to the resolution of the available dataset, it is possible to get a better phenomenological picture of the process by comparing the two years.
Introduction
The formation of dense water at high southern latitudes is a key process for the global deep ocean circulation. Most of dense deep water production at these latitudes takes place on the Antarctic shelves (Baines & Condie 1998) . Dense shelf waters migrate to the continental shelf-break, then flow off the shelf and onto the continental slope, mixing with ambient water in the upper parts of its path (Whitehead 1987 , Huthnance 1995 , Shapiro & Hill 1997 , Bergamasco et al. 2002 . The downslope flow occurs essentially in three stages (Baines & Condie 1998) . The first stage is characterized by dense water formation through convection driven by surface cooling and brine rejection as sea ice freezes.
The second stage is the geostrophic adjustment of the newly formed water mass as it spills over the shelf, creating a boundary front at the shelf-break. The downslope flow may be increased by baroclinic instability along this front and eddy formation.
A possible third stage is the downflow enhancement by topographical channelling due, for example, to the presence of submarine canyons. Alternatively, gravity and friction can drag dense water down the slope as a sheet with eddy formation and Ekman drainage. Friction, in particular, breaks the constraint of potential vorticity conservation, counteracting the geostrophic tendency for along slope flow (Huthnance 1995 , Shapiro & Hill 1997 .
The formation of deep water in the first stage involves two Antarctic continental shelf mechanisms (Grumbine 1991) : the Ice Shelf Water (ISW) formation and the High Salinity Shelf Water (HSSW) formation. The HSSW is a dense and salty water mass with salinities higher than 34.75 psu and temperatures close to the sea surface freezing point, ranging from -1.95°C to -1.75°C (Jacobs et al. 1970 , Kurtz & Bromwich 1985 , Budillon & Spezie 2000 , Budillon et al. 2002 . Its formation is assisted by the Modified Circumpolar Deep Water intrusions along the Victoria Land coast and by the presence of polynya areas, maintained open by the strong katabatic winds pushing the newly formed ice offshore (Kurtz & Bromwich 1985) . Coastal polynyas, especially the Terra Nova Bay (TNB) polynya along Victoria Land, recur annually and are characterized by salt fluxes large enough to increase the water column salinity (Zwally et al. 1985) . HSSW, originated in the TNB polynya region, accumulates in the Drygalski Basin, flows northward (Budillon et al. 1999) and at the shelf-break near Cape Adare descends the slope interacting with the Circumpolar Deep Water (CDW).
This paper presents the first analysis of hydrological data acquired during two high resolution surveys carried out in 1997 and 2001 in the western Ross Sea by the Italian National Programme for Antarctic Research (PNRA) within the framework of the CLIMA Project. The main focus of these two localized investigations was the study of the shelf-slope processes near Cape Adare where a HSSW overflow signature had already been detected during the 1995 cruise of the PNRA.
The hydrological characterization of the study region is performed through vertical salinity profiles, temperature and salinity horizontal maps and temperature and salinity sections obtained by means of objective analysis (Bretherton et al. 1976 , Roemmich 1983 . The comparison of the two datasets put in evidence some differences between the two years of acquisitions. In 1997 the HSSW signature on the shelf is very strong and the salty water tongue descends from the shelf onto the slope, where its signal is clear. During 2001 the experimental evidence of a "true" HSSW overflow process is not present being the descending shelf waters characterized by salinities in the range values of the CDW (S ≅ 34.7 psu), even though associated with a temperature minimum typical of denser water masses.
Experimental design
During the 1997 summer, a two day (26-28 December 1997) mesoscale experiment (30 CTD stations) was carried out near Cape Adare. Stations were positioned on a grid The hydrological stations were performed with a sampling frequency of 24 Hz using a Sea Bird Electronics SBE 9/11 PLUS probe, equipped with sensors for temperature, conductivity, pressure, oxygen, fluorescence, light transmission and pH. The technical characteristics of the CTD sensors are summarized in Table I . The temperature and conductivity sensors were calibrated at the SACLANT CENTRE of La Spezia (Italy) before and after the cruise. Moreover, during the cruise, temperature was controlled by means of two digital reversing platinum thermometers (SIS RTM4200) and salinity was checked on water samples analysed with an Autosal Guildline Salinometer.
The CTD, whose descent velocity was never more than 70 cm s , was coupled to a Carousel water sampler SBE 32 equipped with 24 twelve-litre bottles.
Results

Cape Adare 1997
The cumulative vertical salinity profile (Fig. 2 ) of the 1997 dataset shows clearly the two water types characterizing the investigation area: the shelf waters marked by a salinity maximum (S > 34.8 psu) at about 400-500 m depth and the CDW exhibiting a salinity maximum (S ≅ 34.7 psu) on the slope at the deeper stations. It is particularly interesting to note the relative maximum of salinity (S ≅ 34.75 psu) at about 800 m depth, indicating the presence on the slope of waters in the salinity range of HSSW (S > 34.75 psu).
The horizontal distributions of the salinity maximum (Fig. 3a) and the salinity maximum depth (Fig. 3b) are used to map the HSSW path.
The shape of the salty water tongue (S > 34.8 psu) on the shelf (stations number 33, 39 and 40) shows that HSSW Fig. 3b represent, respectively, the shelf zone (stipple pattern) and the highest gradient zone on the slope (shaded).
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reaches the shelf edge (Fig. 3a) . This tongue, characterized by temperatures (not shown here) of about -1.9°C, is well defined and seems to spill over the shelf-slope edge in two directions corresponding to stations number 43 and 46. It is very difficult to draw inferences about the flow direction near station 43, because no other station is available in this area. The second tongue reaches station 46, but it seems to be stopped by a CDW intrusion indicated by the salinity values of the near stations. The descent of HSSW coming from the "main" salty shelf tongue onto the continental slope is demonstrated by the presence at station 60 (at about 781 m with a relative temperature minimum of -1.0°C) of a salinity maximum (S > 34.74 psu) higher than the CDW salinity signature at this depth.
To check the HSSW downslope hypothesis, the distribution of the depth of the salinity maximum (Fig. 3b) is plotted. The two shaded areas represent, respectively, the shelf zone (stipple) characterized by depths lower than 500 m and the highest gradient zone (shaded) between 800 m and 1000 m on the slope. The depth of the salinity maximum (S ≅ 34.80 psu) from Fig. 3a is at about 500 m on the shelf, while the minimum depth (Smax depth < 300 m) corresponds to station 50, where the salinity value is in the CDW range (S ≅ 34.70 psu). The sinking of the salinity maximum from station 47 (Smax depth = 643 m), to stations 57 (Smax depth = 722 m) and 60 (Smax depth = 781 m) confirms the HSSW downslope flow hypothesized from the salinity distribution (Fig. 3a) .
Cape Adare 2001
The 2001 cumulative vertical salinity profile (Fig. 4) exhibits a very different pattern from the 1997 one due to the absence, on the shelf, of the signature (S > 34.75 psu) of the HSSW. As can be seen, it is difficult to separate the cluster of shelf stations from the overlapping vertical profiles, because the salinity values on the shelf are comparable with those characterizing the CDW (S ≅ 34.7 psu).
A comparison with signal is not confined to the surface layer. This preliminary analysis highlights that during 2001, the shelf waters at the shelf-slope edge were characterized by salinity values comparable with the CDW ones. Due to the lack of the HSSW signature, the 2001 behaviour is better investigated by considering the distributions of salinity (Fig. 5a ) and temperature (Fig. 5b) on the bottom layer. Figure 5a shows that the shelf waters exhibit a salinity maximum of about 34.73 psu (station 19), a value slightly below the HSSW "characteristic" salinity (S ≅ 34.75 psu).
The absolute maximum of salinity (S = 34.78 psu) in the investigation area corresponds to station 74 (not shown here), located at about 8.7 km from station 19 at 518 m depth inside the shelf. It could be supposed that the HSSW spreading was confined on the shelf between stations 74 and 19, but the HSSW propagation on the shelf is not the main focus of this work.
The temperature distribution (Fig. 5b) shows a well defined water tongue, characterized by a temperature minimum of -1.5°C at station 19 on the shelf. This temperature value is representative of the shelf waters signature, even if it is higher than the HSSW temperature registered at station 74 (T ≅ -1.9°C).
It is very interesting to note how the flow direction of the shelf tongue interacts with the CDW, as can be seen by the presence of an isolated "warm eddy" (T > -0.1°C) at stations 40, 41 and 42. The scale of this peculiar structure (the 1997 temperature distribution here not shown is characterized by an analogue "warm eddy") could give an interesting indication about the phenomenological processes of mixing between shelf waters and CDW.
The following N-S temperature (Fig. 6a) and salinity ( Fig. 6b) sections give a vertical picture of the shelf/slope area at Cape Adare. The vertical temperature structure (Fig. 6a) is characterized by the CDW penetration on the continental slope at the northern stations (number 55, 54 and 53), where the CDW signature is inferred by the temperature maximum (T > 0.5°C). Station number 47 shows, at the bottom (depth < 700 m), the same temperature signal (T < -1.0°C) of the relatively cold waters on the continental shelf. The structure of the shelf waters' tongue presented in Fig 5a & b is in agreement with the presence of modified shelf waters at this station.
The distribution of salinity (Fig. 6b) clearly emphasises that the shelf waters are not so dense as to cause a HSSW downslope flow. In fact, it is particularly interesting to note that the shelf waters and the CDW core on the slope have the same salinity value (S > 34.7 psu). The salinity maximum (S ≅ 34.7 psu) on the shelf-slope edge at stations 31 and 57 does not correspond to the temperature minimum shown by Fig. 6a at station 47. This station is the most important, in spite of its lower salinity value (T ≅ 34.68 psu), because its temperature signal at the bottom confirms the descent of modified shelf waters on the slope. In this case, salinity is not a good tracer showing similar values for shelf waters and CDW.
Conclusions
This work presents the first combined analysis of two high resolution surveys carried out in December 1997 and January 2001 on the western Ross Sea continental shelfbreak near Cape Adare. This investigation area was chosen because the 1995 CLIMA cruise had clearly detected the signature of the HSSW flowing northward along Victoria 
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Land from TNB. The HSSW, the saltiest and densest water mass of the Southern Ocean, near Cape Adare spills over the shelf edge, entrains ambient water and descends the continental slope. The dynamics of these downslope flows is interesting because it influences the ocean/continental shelf exchanges and the ventilation of the global deep oceanic waters. Through the comparison of the 1997 and the 2001 datasets it is possible to give a sketch of the HSSW downslope process. The two years show clear differences probably due to the acquisition periods (December 1997 and January 2001) , but the interaction, between the CDW intruding onto the continental slope and the dense shelf waters flowing off the shelf, is identified in both cases.
The 1997 dataset is characterized by the experimental evidence of the HSSW signature on the continental slope at about 800 m depth. The distribution of the salinity maximum, in fact, clearly shows the path of the salty water tongue from the continental shelf to the slope: the salinity maximum (Smax ≅ 34.75 psu) at about 781 m corresponds to a temperature value of -1.1°C, indicating that mixing processes have already occurred. The temperature distribution confirms the hypothesis of a HSSW overflow, indicating temperature values in the range of "newly formed" shelf waters.
The 2001 dataset exhibits a different behaviour because of the absence of the HSSW signature on the continental slope. Moreover, the descending water tongue shows temperature and salinity values not properly in the HSSW range, comparable with those typical of the CDW. The north-south oriented section shows well the CDW intrusion onto the continental slope and the relatively cold shelf waters, characterized by salinities not high enough to produce a strong downslope of salty dense waters. Since the 2001 subsurface salinities were lower than in 1997, the 2001 behaviour could be due to the formation of shelf waters not dense enough to support the downslope flow as it is shown by the salinity distribution. An alternative hypothesis could be the inadequacy of the sampling scheme in capturing the downslope process which seems to be confirmed by the experimental evidence, found during the 2002−03 survey at Cape Adare, of the high variability of the downslope flows. This last consideration cannot be verified by this preliminary work, and further investigations are necessary.
